ABSTRACT: The purpose of this study was to investigate the effects of trauma and subsequent articulation on adult human ankle cartilage subjected to an injurious impact. Trauma was initiated through impaction on talar cartilage explants. Articulation and loading were applied in a joint bioreactor over 5 consecutive days. The early (24 h) effects of impaction included a reduced chondrocytes viability (51% vs. 81% for non-impacted; p ¼ 0.03), increased levels of apoptosis (43% vs. 27%; p ¼ 0.03), and an increase in the histopathology score (4.4 vs. 1.7; p ¼ 0.02) as compared to non-impacted cartilage explants. One of the key findings was that damage also stimulated the PRG4 release (2.2 vs. 1.5 mg/ml). Subsequent articulation for 5 days did not lead to further changes in tissue histopathology and cell viability, neither for injured nor non-injured samples. However, articulation led to an increased apoptosis in the injured samples (p ¼ 0.03 for the interaction term). Articulation also caused a significant increase of PG/GAG release into the culture medium (p ¼ 0.04) for both injured and non-injured samples; however, the synthesis of PG was not affected by articulation (p ¼ 0.45) though the PG synthesis was higher in injured samples (p < 0.01). With regard to the PRG4 release, impacted samples continued to show higher amounts (p ¼ 0.01), adding articulation led to a reduction (p ¼ 0.02). The current study demonstrated that adult human talar cartilage increases both the PRG4 release and biosynthetic activity as an immediate cellular response to injury. Articulation played a less contributing role to biosynthesis and remodeling, behaving mostly neutral, in that no further damage emerged. ß
Post-traumatic osteoarthritis (PTOA) is one of the most common causes of secondary arthritis. 1 For the ankle joint, PTOA is the most prevalent form of arthritis since this joint is not prone to primary OA. 2, 3 Patients who suffer from ankle OA have limited options for surgical intervention, and total ankle arthroplasty is currently a non-durable choice. 4 These factors necessitate the investigation of responses of the ankle cartilage to trauma in order to develop targeted biologic interventions and new treatment modalities. Although the latency period of 10 years between a traumatic injury and the occurrence of end-stage ankle OA 1, 5 is long, the window for therapeutic opportunities is likely confined to the first few weeks after injury. 6 There is a long history of in vitro models utilizing injurious impaction to identify the relationship between a compressive injury and the progression of PTOA. [7] [8] [9] [10] [11] However, the understanding of continued loading after an injurious impaction is not well documented. Continued loading after joint damage may either contribute to further damage of the tissue or help initiate tissue repair. The authors are only aware of one study by Li et al. 12 who applied moderate dynamic compression after injury. Also, to the best of the authors' knowledge, there have been no in vitro studies that directly evaluated the effects of interface motion (e.g., rolling and gliding) on traumatized cartilage. This is surprising since it has been shown that fluid-induced shear stimulates the proteoglycan and protein synthesis. 13 Also, tissue shear deformation by itself can result in the production of collagen and proteoglycans 14 as well as Proteoglycan-4 (PRG4), an important boundary lubricant, as has been found with bovine cartilage explants. 15 Both, fluid-induced shear and tissue shear deformation are acting in the presence of interface motion; hence, one might expect that in the presence of articulation catabolic cellular responses due to injury are accompanied by intrinsic anabolic responses that counteract the effect of injury. In these experiments, the continued articulation of the tissue posttrauma should provide insight as to whether such articulation is beneficial for repair or leads to greater damage.
The purpose of this study was to investigate the effects of immediate trauma and subsequent articulation on adult human ankle cartilage. We hypothesized that trauma and articulation would increase the release of the PRG4 molecule with measureable functional effects in friction reduction, and that articulation would improve the biosynthetic activity and remodeling influencing the structural integrity of the tissue.
MATERIALS AND METHODS

Specimen Preparation and Damage Initiation
Adult human cartilage was obtained from nine male ankle talus pairs of tissue donors (aged 59 AE 10 years) through the Gift of Hope Organ & Tissue Donor Network (Itasca, IL) within 24 h of death (IRB #08082803). Cartilage from all nine pairs of tali was assessed with gross morphology and was found to be of Collins grade 0 or 1, with normal and smooth surface, void of any visual deformities, fibrillations, or degradation. Each talus was prepared in a sterile manner following a previously published protocol. 8 Briefly, the soft tissue around the talus was surgically removed and excess fluid was soaked by dabbing the talus with sterile gauze. For each talus, four explant outlines were then marked by gently touching the talar cartilage surface with an 8-mm diameter punch dipped in India ink. The centers of these outlines were about 5 mm apart and they were positioned toward the center of the talar surface (Fig. 1A) . The talus was partially potted in cement (Fig. 1B) . Caution was taken to not submerge the talar cartilage. To keep the surface moist, the cartilage was covered with sterile gauze soaked in a phosphate-buffered saline (PBS) solution. Once the cement had dried out, damage was initiated in the center of the explant outline on the talus by a single injurious impact using a flat cylindrical indenter (Fig. 1C) . To achieve injury, the cartilage surface was aligned parallel with the flat end of the 4-mm diameter indenter. The indenter was then pneumatically controlled to translate in the axial direction, resulting in an impaction with an impulse of 1N Á s to create damage to the surface visible to the naked eye. The peak impact force generated was approximately 400 N, but slightly varied with cartilage location, depending on variation in cartilage stiffness. For each ankle pair, four out of eight imminent explants were injured. Immediately thereafter, using the ink outlines, full-depth chondral explants were removed from the subchondral bone.
Experimental Protocol
The length of the experiment was 1 week. Impaction was performed on Day 0. Each explant was gently washed in a medium containing DMEM-F12, supplemented with 10% Fetal Bovine Serum (FBS), and cultured in individual cellculture dishes inside an incubator that was maintained at 37˚C, 5% CO 2 , and 95% humidity. Each dish contained 2 ml of culture medium, and the weight of each dish was measured and noted. The explants were distributed into two experimental groups: impacted and non-impacted. On Day 1, approximately 24 h after impaction, early response was analyzed for one set of impacted and non-impacted explants and on their collected medium. On Days 1-5, remaining cartilage explants from both experimental groups were subjected to one of two treatments: rest (freeswelling culture w/o articulation) or articulation (culture with intermittent articulation using a ceramic ball articulating on the cartilage explant 16 ). Hence, there were now two investigational groups (impact with and without articulation) and two control groups (non-impacted with and without articulation). On Day 6, the tissue response of these four groups was evaluated. At this later time point, impaction and articulation were considered as factors.
In order to articulate, the explant was compressively loaded by applying 10% strain of its original thickness against a counteracting alumina ball. Articular motion was then applied by rotating this alumina ball in a sine wave for AE30˚at 1 Hz, along an axis perpendicular to the explant axis (Fig. 2) . Also, the contact point with the alumina ball was translated over the cartilage surface, by approximately AE 2.5 mm, to mimic normal joint kinematics with a migrating contact and to keep the biphasic lubrication regime. 17 Translation of the ball contact point was achieved by rotating the explant in a sine wave of AE15˚at 0.1 Hz, achieving a curvilinear motion on the explant's surface. For each cartilage explant subjected to the articulation treatment, the total articulation time was two 1-h-cycles per day from Days 1 to 5 and these explants were rested in-between the articulation cycles. During articulation, the explants remained submerged in their culture media. After every 24 h, 1 ml of medium was collected from each explant culture dish and replenished with fresh medium to match its Day 0 weight, thus, compensating for any evaporation losses. The collected media were individually labeled and frozen at À80˚C to be later examined for the PRG4 protein content.
On Day 6, all the explants were analyzed and trisected. First cut was along their diameter, splitting the wear scar into two halves. One half was utilized for cell viability analysis and the other half was cut in two quarter-sections. One quarter was used to assess the proteoglycan synthesis, and the other quarter was fixed in formalin and then embedded in paraffin to perform standard histology, and immunohistochemistry.
PRG4-Release and Immunohistochemistry
The PRG4 glycoprotein release during culturing was detected and quantified each day for 5 days by the following protocol: Culture medium samples were stored frozen after the addition of protease inhibitors to the following concentrations: 50 mM benzamidine, 100mM N-ethylmaleimide, 50 mM phenylmethylsulfonyl fluoride, and 10 mM EDTA. Culture medium samples were analyzed in duplicate by a sandwich ELISA using a peanut lectin capture reagent and an anti-SZP monoclonal antibody S6.79. 18 The S6.79 antibody used in the ELISA detects either full-length or close to the full-length mucin domain of the molecule binding to an O-linked oligosaccharide in that domain. Black 96-well plates were coated with 50 ml of 1 mg/ml peanut lectin (PNA; EY Laboratories, San Mateo, CA) in 50 mM sodium carbonate buffer pH 9.5 overnight at 4˚C and then blocked with a blocking buffer (StartingBlock TM PI37542; Thermo Fisher Scientific, Pittsburgh, PA) for 1 h at room temperature. Twofold serial dilutions of the culture medium in phosphate buffered saline, 0.05% Tween, and 10 mM EDTA (PBSTE) were incubated with the lectincoated plate at 4˚C overnight. The plate was washed with PBSTE and incubated with 2 mg/ml of S6.79 mAb to PRG4 for 2 h. After washing with PBSTE, a secondary anti-mouse IgG HRP conjugate (PI31432; Thermo Fisher Scientific) was incubated with the plate at a 1/2,000 dilution for 1 h at room temperature. The plate was washed and a chemiluminescent HRP (SuperSignal TM ELISA Femto Substrate PI37075;Thermo Fisher Scientific) was added for 1 min. The chemiluminescence was measured in a multilabel plate reader (Wallac Victor3TM; Perkin-Elmer, Waltham, MA). Concentration measurements were based on serial dilutions of the purified human PRG4 protein 19 using a BCA protein assay (PI23235; Thermo Fisher Scientific) and BSA as a protein standard. Media samples were taken daily and pooled for each explant. At Day 6, analysis was conducted from the pooled media. The data were normalized to live cells (see "Analysis of Cell Viability" for details on live cell counts).
The location of PRG4-protein on explants was determined using immunohistochemistry. For that, formalin fixed paraffin sections were deparaffinized with xylene and rehydrated through graded ethanol solutions. The slides were fixed in ice cold methanol for 5 min and washed with PBS. In order to help antibodies penetrate the tissue, sections were treated with testicular hyaluronidase at 5 mg/ml, with 1% horse serum in PBS for 30 min at 37˚C. Sections were incubated with 2 g/ml of the anti-SZP monoclonal antibody S6.79 for 1 h at room temperature 18 and then washed with Tris buffered saline (50 mM Tris, 0.1 M NaCl, pH 7.4). A secondary antibody from an anti-mouse IgG alkaline phosphatase conjugated ABC kit (Vectastain 1 AK5002; Vector Laboratories, Burlingame, CA) was used for 1 h under conditions recommended by the manufacturer. A NBT/BCIP alkaline phosphatase substrate (1-Step TM NBT/BCIP plus Suppressor 34070; Pierce Biotechnology, Rockford, IL) was incubated with the sections for 10 min to develop a blue reaction product. In addition to negative controls, the deeper layers of cartilage served as internal negative controls for this staining method.
Analysis of Cell Viability and Apoptosis
Both LIVE/DEAD 1 and TUNEL assay were employed to account for cells that undergo necrosis primarily as a result of injury and apoptosis that might be secondary to injury. The explant halves were stained in 1X Dulbecco's phosphate buffered saline solution containing calcein AM and ethidium bromide homodimer-1 (LIVE/DEAD 1 Viability/Cytotoxicity Kit; Molecular Probes, Eugene, OR), and incubated at 37˚C for a period of 20 min. The stained halves were then imaged using a fluorescence-light microscope (Eclipse TE2000-S; Nikon Instruments, Melville, NY) with a 5Â objective. The cartilage explants were measured to be 2.12 AE 0.56 mm thick. The thickness of the superficial zone, defined as the top 15% of the thickness of the cartilage explant, 20 was computed to be 0.32 AE 0.08 mm. For better graphical depiction, the chondrocyte viability Figure 2 . Set-up of the motion simulator that articulated a ceramic ball against cartilage tissue. The explant disk is shown in the center, constrained by a permeable polyethylene platen, and compressed by the ceramic counterface. The surrounding 2 ml of culture medium are contained within a cup made of PEEK.
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was also evaluated throughout depth by subdividing the images into zones of equal thicknesses of 0.08 mm. These zones spanned the entire width of the image and were stacked on top of each other. Zone 1 was aligned with the articular surface. ImageJ software 21 was used to perform live and dead cell counts from the obtained images to quantify cell viability in both, the superficial zone, and the total explant. Viability was computed as the ratio of living cells to the total (live þ dead) number of cells.
Apoptotic cells were quantified using TUNEL (Terminal deoxynucleotide transferase mediated Uridine triphosphate Nick End Labeling). 22 Slices obtained from the histological preparation were stained with ApopTag peroxide staining kit (S7101, ApopTag 1 Plus Peroxidase In Situ Apoptosis
Kit; Millipore, Billerica, MA) and counterstained with Methyl green counterstain. The slides were then imaged using a fluorescence-light microscope (Eclipse TE2000-S; Nikon Instruments Inc, Melville, NY) and a 20Â objective. For each explant, eight such images were obtained, forming a 4 Â 2 grid, which were later assembled to form a single montage using ImageJ software. These montages were then evaluated to obtain a cell-count for the apoptotic cells. The quantification process was performed manually by picking, highlighting, and counting the cells using a cell counter plugin, available in ImageJ.
Proteoglycan Synthesis
The metabolic response on Day 6 was evaluated by [
35 S]-sulphate incorporation in explants. The tissue was labeled by incubating for a period of 4 h in media containing the radioactive sulfate. Subsequently, the media was collected and tissue samples were digested overnight with a 20 mg/ ml papain solution. Radioactivity of the labeling media and digested samples was then quantified using a scintillation counter. Values were normalized to wet weight of the tissue piece (prior to labeling) and to live cells.
Proteoglycan Release PG/GAG release into the media was determined using the dimethylmethylene blue (DMMB) assay. Media samples were taken daily and pooled for each explant. At Day 6, analysis was conducted for each explant from the pooled media. Using a spectrophotomorphic plate reader, absorbances of the DMMB dye were read at 530 and 595 nm with the standard determined from bovine nasal septum (BCO-3015; Axxora Platform, San Diego, CA).
Analysis of Structural Integrity
The tissue was sectioned and stained with Safranin O and fast green as contrast agents. The slides were imaged using a confocal microscope (Eclipse E600; Nikon Instruments, Melville, NY) at 25Â magnification. The obtained specimen images were graded by an experienced senior investigator (SC) in a blinded manner, using a modified Mankin score ranging from 0 (intact) to 13 (major damage) to assess structure, cell abnormalities, and matrix staining. 8, 23 Mechanical Tissue Response The mechanical response of the tissue was also tested on Day 6 from a subset of n ¼ 6 donors. Due to tissue availability only two groups were tested, namely "impacted and articulated" and "non-impacted and articulated." Stiffness and frictional testing was executed on separate explants.
Compressive stiffness after articulation with a migrating contact point was measured directly on the bioreactor station by indenting the 32 mm ceramic ball centrally on the cartilage disk. In order to better control for variability in thickness of the cartilage disks and other mechanical boundary assumptions, the total displacement was limited to 0.1 mm (i.e., <5% compressive strain). After a preload of 6N was applied to assure proper contact between ball and disk, and the tissue was allowed to relax for about 30 min, a constant strain rate of 1.7 Â 10 À3 /s was used for compression. During compression, the explant's circumference was confined by the same porous polyethylene platen as during tribological testing.
In order to assess boundary lubrication properties of the tribological system, the time-dependent coefficient of friction (CoF) was measured. For this, the standard PEEK cup fixture on the bioreactor station (compare with Fig. 2 ) was replaced with a cup holder that allowed the simultaneous measurement of vertical and tangential forces. During measurement, the ball was rotated in a single direction at an angular speed of 60˚/s, and a compressive strain of 10% was applied (matching the velocity and compressive load of the ball during the experiment). However, in contrast to the articulation protocol, the contact point was kept stationary. Over time, this causes the cartilage pore pressure to decrease and the friction coefficient to increase until the pore pressure becomes zero (or close to zero). 17 The equilibrium friction coefficient is defined as the horizontal asymptote of the time dependent friction data normalized by compressive force. Data were sampled at 20 Hz for at least 1 h.
Statistics
The impacted and non-impacted explants were paired with respect to the donor and to the anatomical location on the talar surface, one from the left, and the other from the right ankle, in a random assignment. The statistical differences between experimental groups were evaluated using GraphPad Prism 5.00 for Mac (GraphPad Software; San Diego, CA). All the data were evaluated for normal Gaussian distribution before analysis. Paired t-tests were used to evaluate data obtained within the first 24 h, including chondrocyte viability and Mankin score. Six-day mechanical data were also evaluated with paired t-tests, while a two-way ANOVA was used to evaluate the biological data, including chondrocyte viability, histopathological grading, and PRG4 release. The significance level was set to p < 0.05. Unless otherwise stated n ¼ 9; the AE values following means are standard error of means.
RESULTS
Early Effects Due to Impaction of Human Ankle Cartilage (First 24 h)
Microscopic examination of the Safranin-O stained explants demonstrated cracks and fissures on impacted cartilage, while the non-impacted cartilage was intact. Grading of these explants revealed that trauma to the surface significantly increased the modified histopathology score 8 A chondrocyte viability analysis showed dead cells clustered in the immediate vicinity of the cracks on the impacted cartilage, Fig. 3B1 . Loss of viability was confined to the superficial zone with 51.4 AE 9.9 versus 81.0 AE 5.1% alive (p ¼ 0.03; Fig. 3B2 ). The cell viability throughout the full thickness of the impacted cartilage (75.5 AE 5.5% alive) compared to the non-impacted cartilage (88.5 AE 4.2% alive) did not reach significance (p ¼ 0.07). Within the superficial zone, apoptosis was significantly higher (p ¼ 0.025) in impacted cartilage explants (42.67 AE 3.2% apoptotic) as compared to the non-impacted explants (27.0 AE 0.57% apoptotic). For the explants as a whole, the difference in explant viability was reduced to a trend (p ¼ 0.09) between the two groups (36.33 AE 4.2% apoptotic in impacted vs. 23.0 AE 3.6% apoptotic in non-impacted).
The PRG4 staining of explants showed that some chondrocytes were active in synthesizing PRG4 in both, the impacted and the non-impacted cartilage, Fig. 4A . An analysis of the medium showed higher PRG4 release into the medium by the impacted versus the non-impacted cartilage (2.2 AE 0.4 vs. 1.5 AE 0.3 mg/ml; p ¼ 0.04) (Fig. 4B) .
Late Effects-Comparing Cartilage Subjected to Rest Versus Intermittent Articulation
Microscopic examination of the Safranin-O stained explants confirmed the presence of cracks and fissures on the impacted cartilage while the nonimpacted control cartilage was intact. In addition, the impacted cartilage showed a loss of matrix proteoglycans (Fig. 5A) . No notable influence of The PRG4 release into the media is significantly higher for the impacted cartilage. Ã p < 0.05.
ARTICULATION OF TRAUMATIZED HUMAN CARTILAGE
articulation (p ¼ 0.75) was observed for the impacted or the non-impacted cartilage that was subjected rest and cartilage that was subjected to articulation. The impacted explants maintained a significantly higher (p < 0.001) damage score at Day 6 compared to their non-impacted counterparts (Fig. 5B ). There was no interaction (p ¼ 0.87) between impaction and articulation.
The quantification of the cell viability in the superficial zone showed that impacted cartilage had a significantly lower viability (p ¼ 0.01) than the non-impacted cartilage (Fig. 6A) . Articulation did not influence (p ¼ 0.62) the chondrocyte viability of the impacted and non-impacted cartilage. There was no interaction between factors (p ¼ 0.95). Studying the mechanism of cell death, impacted cartilage explants showed significantly higher (p ¼ 0.002) apoptosis than non-impacted explants in the superficial zone on Day 6 (Fig. 6B) . Articulation did not influence (p ¼ 0.15) apoptosis, yet both factors demonstrated a significant interaction (p ¼ 0.03). Findings for the whole explant also suggested a significant increase (p ¼ 0.007) in apoptosis after impaction. In contrast, on the whole tissue level, articulation decreased (p ¼ 0.02) apoptosis, and the interaction of both factors was borderline significant (p ¼ 0.05).
Explants that were subjected to articulation had a significantly (p ¼ 0.048) higher release of proteoglycans into the culture medium (Fig. 7A) . Damage did not influence (p ¼ 0.21) the release of proteoglycans into the culture medium and there was no interaction (p ¼ 0.80). However, the proteoglycan synthesis (normalized to live cells) was higher (p ¼ 0.008) in impacted tissue explants (Fig. 7B) while articulation had no influence (p ¼ 0.45). There was no interaction of factors for synthesis (p ¼ 0.63).
A microscopic examination of the immunohistochemistry sections showed that PRG4 was distributed in all four groups: Impacted-Rested; Non-Impacted-Rested; Impacted-Articulated; and Non-Impacted-Articulated, 
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SHEKHAWAT ET AL. Fig. 8A . Some of the chondrocytes away from the surface show blue halos most likely indicating newly synthesized PRG4. The impacted cartilage had a significantly higher release of PRG4 (p ¼ 0.01) into the medium than the non-impacted cartilage. In addition, the cartilage subjected to articulation had a significantly lower release of PRG4 into the medium (p ¼ 0.02) than the rested cartilage, Fig. 8B . There was no interaction between the two factors. 
DISCUSSION
This study is one of the few in vitro studies that investigate the effects of continued mechanical loading post-injury. It is the first which applies the post-injury stimulus through mechanical articulation on human ankle cartilage. Within the first 24 h of damage initiation, the injured cartilage explants showed reduced chondrocyte viability, increased levels of apoptosis, and decreased structural integrity within their superficial zones, as compared to the non-impacted explants. The observed changes were consistent with those reported previously. 8, 24, 25 In addition, the PRG4 release increased compared to non-impacted explants. The increased PRG4 release may either stem from chondrocytes attempting to remodel the injured tissue by synthesizing new PRG4 (as might be evidenced by the pericellular staining); or may simply relate to an increased release of PRG4 that was already present within the tissue and can not be retained due to the generated It is speculated that the halos of blue around some cells, especially those not on the surface, may represent new PRG4 synthesis. (B) Impacted cartilage had a significantly higher daily release of PRG4 into the medium, cartilage subjected to articulation had a significantly lower daily release of PRG4 into the medium. Ã p < 0.05; ÃÃ p < 0.01.
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cracks. 18 The former possibility would be consistent with existing literature 26 that reported an up-regulation of PRG4 mRNA after trauma in young bovine cartilage. Thus, the increase in PRG4 release within the first 24 h of damage is likely the result of synthesis.
Subsequent articulation for 5 days after damage did not facilitate additional tissue degradation as evidenced by the Mankin score and no further loss of chondrocyte viability as detected by the live/dead assay. However, articulation interacted with damage and increased apoptosis, especially in the superficial zone of injured explants. An increase in apoptosis without a change in cell viability may indicate a shift in the type of cell death mechanism toward apoptosis versus immediate cell death from necrosis caused by the impaction itself. Because apoptosis can limit the inflammatory response of the tissue and the apoptotic mechanism can be regulated by therapeutic, chondroprotective interventions, 27, 28 this result suggests that articulation could be used to benefit tissue repair.
During Days 1-5, PRG4 release was still increased for injured tissue; however, articulation seemed to decrease it. This is contrary to our hypothesis, and as one might have expected based on previous reports from young animal cartilage, 15, 29 and our own experiments using bovine tissue. 30 These differences might be explained by the advanced donor age of the current study yielding a lower metabolic activity of cells, or that newly synthesized PRG4 was retained within the tribological system (either within the cartilage matrix, or as a tribofilm, on the alumina balls).
The onset of trauma due to impaction was clearly a factor for increased PRG4 release. PRG4 is a functional boundary lubricant 19 and a decrease in PRG4 is commonly associated with increased friction. [31] [32] [33] Hence, an increase in PRG4 release may lower friction and help to mitigate the effects of a roughened surface after injury. In earlier studies, using cell culture models, it has been shown that cytokines control the secretion of PRG4 into the media with anabolic cytokines increasing and catabolic cytokines decreasing PRG4 secretion. 18, 34 The increase of PRG4 release after injury is consistent with large animal studies using sheep and horses, where an increase in PRG4 content in synovial fluid post-injury has been reported. 35, 36 However, as in one of these animal studies, 37 also in this study the increase in PRG4 concentration in the surrounding fluid did not translate into lower friction coefficients. Hence, our hypothesis that differences in PRG4 release would lead to differences in friction values between impacted and non-impacted tissue samples was not confirmed. It is possible that the rougher surface of the impacted tissue offsets the benefits of PRG4 release. The multifactorial nature of friction was highlighted in an earlier study where friction was found to depend on PRG4 presence and surface roughness. 38 The characteristics of the friction curve and the final average equilibrium friction coefficients (0.17 vs. 0.19) were comparable to reports in the literature. Caligaris et al., 39 who tested tibiofemoral cartilage specimens in phosphate buffered solution (PBS), found equilibrium values of 0.134 AE 0.034, thus, slightly lower than those reported here. Friction coefficients reported by Forster and Fisher, 40 however, were higher and approximated 0.3 after 45 min of articulation in PBS. The differences may be attributed to the specific contact conditions and the utilized counterface materials.
Several research studies using animal models have shown that continuous passive motion of the damaged joint brings about the best healing results for the injured cartilage surface. [41] [42] [43] We therefore, would have expected larger positive effects of articulation on the rehabilitation of the injured tissue. It is possible that the applied articulation protocol was too harsh and exceeded a strain threshold that would stimulate chondrocytes post-injury positively. Such observations have been reported in a study by Li et al., 12 who applied dynamic compression to bovine cartilage samples and found anti-catabolic effects when applying moderate compressive loads on injured cartilage samples. However, exceeding a certain threshold of dynamic loading caused further detrimental effects on the cell and tissue level.
Proteoglycan synthesis was higher in impacted than non-impacted tissue, an indication of an attempted remodeling response to trauma. Articulation had no effect on synthesis, but it affected the proteoglycan release into the medium. The relationship between mechanical stimulus and proteoglycan synthesis is complex and dependent on load duration, 44 the magnitude of the applied stimuli, 45 and the metabolic activity of chondrocytes that survived injurious impaction. The higher release is most likely physically forced matrix release, since chondrocytes exposed to articulation had a similar proteoglycan synthesis as their respective controls.
The study has several limitations. First, the ankle cartilage was procured from elderly donors, and the duration of the cultures was limited to 6 days. It has been reported that mature chondrocytes slow down their metabolic activity while maintaining the extracellular matrix. 46 Thus, it is possible that the limited stimulation by articulation was related to a diminished metabolic activity of adult human chondrocytes. Second, the cartilage explants were stripped from the subchondral bone, which may have caused a secondary trauma. However, our focus was on a molecule that specifically and exclusively presents in superficial layer of cartilage. Hence, we believe, the effect of bone removal is less relevant for the primary questions asked in this paper. Third, the study cannot answer the question of how much the increase in PRG4 release is due to PRG4 synthesis. While newly synthesized PRG4 has the tendency to be secreted, 26 the PRG4 molecule may have been eroded from the cartilage surface during articulation or may have been released from the superficial zone matrix due to cracking after injury. Fourth, the collection and replacement of medium may affect the amount of PRG4 in the system. Since cytokines present within the conditioned medium contribute to the PRG4 synthesis activity, 47 daily collection, and replacement of the medium may affect the signaling pathway. We therefore, applied a protocol of partial collecting and replacement of the medium. Finally, the explants were rested for 24 h before examining their proteoglycan synthesis activity. For articular cartilage, the proteoglycan synthesis activity is highly dependent on loading amplitude, frequency, and time. 44, 48, 49 Thus, a period of rest may directly affect biosynthetic activity. Ideally the proteoglycan synthesis should have been examined during the loading cycle for the stimulated explants. The use of radioactive isotopes, however, requires a specialized workbench, a hot simulator, and properly trained staff. Because of these constraints, it was not possible to use the 35 S method to monitor the proteoglycan synthesis during loading.
In conclusion, the present study demonstrated that adult human talar cartilage increases both PRG4 release and biosynthetic activity after injury in the presented model of cartilage trauma. Our study further suggests that articulation may play a less contributing role to biosynthetic activity and remodeling effects than the injury itself for ankle cartilage. However, it also does not seem to further increase tissue damage. This may have important implications for rehabilitation protocols after joint injury, since it is known that putting the joint to rest causes stiffness and muscle atrophy.
